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Abstract
The magnetoresistance of iron pnictide superconductors is often dominated by electron-electron
correlations and deviates from the H2 or saturating behaviors expected for uncorrelated metals.
Contrary to similar Fe-based pnictide systems, the superconductor LaRu2P2 (Tc = 4 K) shows no
enhancement of electron-electron correlations. Here we report a non-saturating magnetoresistance
deviating from the H2 or saturating behaviors in LaRu2P2. We have grown and characterized
high quality single crystals of LaRu2P2 and measured a magnetoresistance following H
1.3 up to
22 T. We discuss our result by comparing the bandstructure of LaRu2P2 with Fe based pnictide
superconductors. The different orbital structures of Fe and Ru leads to a 3D Fermi surface with
negligible bandwidth renormalization in LaRu2P2, that contains a large open sheet over the whole
Brillouin zone. We show that the large magnetoresistance in LaRu2P2 is unrelated to the one
obtained in materials with strong electron-electron correlations and that it is compatible instead
with conduction due to open orbits on the rather complex Fermi surface structure of LaRu2P2.
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INTRODUCTION
Magnetoresistance (MR) in unconventional high critical temperature superconductors
such as cuprate and pnictide materials has been recently used as a measure of their un-
conventional electronic properties[1–4]. MR appears due to the changes in the electronic
transport induced by the magnetic field (H), it is insensitive to a change in the direction of
the applied magnetic field and therefore increases with an even power in H, which turns out
to be H2 in most cases. Deviation from the H2 behaviour towards linear magnetoresistance
in optimally doped cuprates and pnictide superconductors has been interpreted as a signa-
ture of the strange metal state associated to the high Tc in these materials[1–3]. The Fermi
surface of the cuprates is particularly simple, with pockets at the corners of the Brillouin
zone that evolve into arcs with doping into the superconducting state[5]. In the pnictides,
there are many bands crossing the Fermi level. However, in most cases the bands can be
grouped into hole pockets centered at the Brillouin zone and electron pockets at the corner,
the latter often being quasi-two dimensional. In stoichiometric non-superconducting pnic-
tides, positive large MR proportional to Hn with n<1.5 has been reported as a consequence
of magnetic field enhanced spin-density-wave gap[4]. Here we present MR experiments up to
22 T in the stoichiometric pnictide superconductor LaRu2P2. We show that LaRu2P2 has a
positive non-saturating MR with a field dependence close to linear and similar in magnitude
to the one obtained in Fe-based superconductors. However its origin is not due to electronic
correlations nor the presence of a spin-density wave, both absent in LaRu2P2, but is instead
originated by he contribution from open orbits to the MR. We adscribe this to the pres-
ence of an additional large open Fermi surface sheet in LaRu2P2 induced by the different
orbital structures of Fe and Ru, also responsible for the low critical temperature and lack of
electronic correlations which makes the difference between LaRu2P2 and Fe-based systems.
LaRu2P2 crystallizes in the ThCr2Si2-type structure (space group I4/mmm). It is
isostructural with the 122 Fe pnictides XFe2As2 where X = Ba, Ca or Sr. Neither magnetic
nor structural transition have been reported in this compound at ambient pressure. Super-
conducting properties are isotropic and the critical temperature estimated from calculations
of electron-phonon coupling is in good agreement with the experimental value (Tc = 4.1 K),
suggesting electron-phonon mediated superconductivity[6–8]. Superconducting and struc-
tural properties are modified by the effect of hydrostatic pressure. Tc first increases to above
2
5 K and then it is suddenly suppressed at 2 GPa[9, 10]. At similar hydrostatic pressures,
LaRu2P2 undergoes a collapsed tetragonal phase transition suggesting that disappearance
of superconductivity is likely driven by the structural transition to the collapsed tetragonal
phase[11].
The Fermi surface and bandwidth renormalization of LaRu2P2 are very different from
their counterparts in the superconducting Fe pnictides. The substitution of Fe-3d by less lo-
calized Ru-4d orbitals increases the bandwidth producing larger Fermi surfaces with reduced
electronic correlations [12]. In contrast to quasi-two-dimensional electronic properties found
in most pnictide superconductors, DFT calculations obtained a three dimensional Fermi sur-
face for LaRu2P2 [13, 14]. It consists of two sets of sheets derived from the Ru-4d orbitals that
form a donut with a small hole centered around the M point and a warped electron cylinder
at the corners of the Brillouin zone and an additional open three dimensional sheet derived
from a combination of La and Ru-4d orbitals[13, 14]. The electronic structure determined
experimentally by de Haas-van Alphen oscillations and angle-resolved photoemission agrees
well with DFT calculations showing that the bandwidth renormalization is negligible[13, 14].
They find mass enhancement close to 1, similar to other non-superconducting pnictides as
LaFe2P2, indicating that superconductivity in LaRu2P2 is conventional in the sense that it
is not attributed to electron-electron interaction[15].
Here we report single crystal growth and characterization of the superconducting proper-
ties of LaRu2P2 and study the MR up to 22 T. We find large and non-saturating MR up to
22 T and show that this can be explained by the contribution from open orbits to the MR.
We compare our results in LaRu2P2 with those obtained in superconducting Fe pnictides
and discuss the different the origin of the MR in both systems.
EXPERIMENTAL
Single crystals of LaRu2P2 were obtained using the solution growth method[16–19].
We used La (Alfa Aesar 99.9 %), Ru (Goodfellow 99.9 %), red P (Alfa Aesar 99.999
% metal basis) and added Sn (Goodfellow 99.995 %) as flux in a total molar ratio of
1:2:2:15 (La:Ru:P:Sn). We mixed all the elements into a standard CCS alumina crucible
configuration[20]. The crucibles were sealed into a silica ampoule filled with a residual Ar
atmosphere below 10−3 mbar. The ampoule was heated to 320oC and kept at this temper-
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ature for 3 hours to allow for inclusion of P into liquid Sn (see Reference [11]) and avoid
overpressures due to the vapour pressure increase of P with temperature. We then continued
the temperature ramp up, going up to 1195oC in 3 hours. After 24 hours at that tempera-
ture, we cooled slowly to 750oC in 288 hours. Then, we rapidly extracted the ampoule from
the furnace and decanted the Sn flux with a centrifuge. Crystals were easily identified with
clear geometric shapes that stood out in the growth pellet. Platelet-like single crystals of
LaRu2P2 with typical size 0.5 × 0.5 ×0.1 mm3 (top left inset in figure 1) were removed and
carefully prepared by cleaving and shaping to eliminate all the residual Sn flux that was
optically observed as small superficial droplets.
Upper left inset in Figure 1 shows X-ray diffraction measurements (XRD) in a cleaved
single crystals of LaRu2P2 using Cu K
α radiation. The diffraction pattern shows a peak
corresponding to the crystal plane (004) of LaRu2P2 at a characteristic angle of 33.6
o.
Using Bragg’s law, we find a value for the lattice parameter along the c-axis of 1.066 nm, in
agreement with previous XRD measurements[6]. We could only observe the (004) diffraction
peak due to the reduced size of the single crystals and the crystallographic c-axis being
perpendicular to the plane of the single crystals. No trace of Sn is observed. The cleaved
crystals were then cut into a bar shape (0.1 × 0.4 × 0.05 mm3) for transport measurements.
Resistivity measurements have been performed using the four probe AC method, with four
electrical contacts made by gluing 25 µm gold wires with silver epoxy on the cleaved surface of
LaRu2P2 samples. For magnetoresistance measurements, we have used a cryostat with base
temperature 1 K and equipped with a 20+2 T superconducting magnet[21–23]. Resistivity
was measured using a SR 830 lock-in amplifier. The reference voltage of the lock-in was
converted to a current using a Howland pump scheme[24]. Magnetization measurements
have been made using a Quantum Design Squid magnetometer varying the magnetic field
from 0 T to 0.1 T in samples with geometry 0.5 × 0.5 × 0.05 mm3. All results shown here
have been obtained by applying the magnetic field parallel to the c axis and perpendicular
to the current.
I. RESULTS
Figure 1 shows the temperature dependence of the resistivity ρ in LaRu2P2. ρ(T ) drops
with decreasing temperature as expected for a good metal and saturates below 10 K with
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FIG. 1. In the main panel we show the resistivity of LaRu2P2 vs temperature as black points. Red
line is the fit to Bloch-Gru¨neisen expression given by Eq.1. In the bottom right inset we show a
zoom up into the low temperature region, with the superconducting transition. In the upper left
we show the X-Ray diffraction pattern of a LaRu2P2 single crystal using Cu K
α radiation (black
line). We clearly observe the (004) peak at a characteristic angle of 33.6o. The inset also shows
a photograph of one of the obtained LaRu2P2 single crystals with arrows indicating the [100] and
[010] directions and the unit cell of LaRu2P2, which adopts the tetragonal ThCr2Si2-type structure
(I4/mmm space group).
a zero temperature extrapolation ρ0 = 6.3 µΩcm. The residual resistivity ratio of our
samples, RRR = ρ300K/ρ10K, is above 20, similar as obtained previously in high quality
single crystalline samples of LaRu2P2[7, 10, 13] and evidences the absence of large amounts
of defects or inclusions. We estimate the electronic mean free path to be above 20 nm.
We use the Eliashberg spectral function α2F(ω) from Ref.[8] to calculate the temperature
dependence of the resistivity in LaRu2P2 via the Bloch-Gru¨neisen (BG) expression
ρBG = ρ0 +
4pim
ne2
∫ ωmax
0
α2F (ω)
xex
(ex − 1)2dω, (1)
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FIG. 2. (a) We show as points the resistivity vs temperature from zero to 0.1 T. Colors indicate
the value of the magnetic field, provided in the legend. (b) We show as points the magnetization
as a function of the magnetic field. Colors indicate the measurement temperatures, given in the
legend.
where we use ρ0 = 6.3 µΩcm, m is the free electron mass, n= 3×1022 cm−3 is the carrier
density obtained by Hall effect measurements in LaRu2P2[7], e is the electron charge and x
= ω/T with ω being the phonon frequency. We take ~ωmax = kBTD, with the Debye tem-
perature ΘD = 392 K obtained by density functional theory calculations[25]. The calculated
curve is shown by the red line in figure 1. The expression 1 provides an excellent account of
the whole temperature dependence of the resistivity. At high temperatures, where ρ is linear
with T, the electron-phonon coupling constant λ is related with the resistivity slope by λ =
(~ω2p/8pi2kB)(dρ/dT), with ωp the plasma frequency[26]. We obtained λ ≈ 1 which is similar
to the value calculated by integrating the Eliashberg spectral function used to obtain the
red curve in figure 1[8] and the value obtained experimentally from quantum oscillations[13].
At low temperatures, we observe superconductivity with Tc = 4.16 K (upper inset in fig-
ure 1), similar to the Tc obtained in other high quality single crystalline samples[6, 7]. As
mentioned above, the critical temperature estimated from λ is in good agreement with the
experiments, suggesting electron-phonon mediated superconductivity[8].
In figure 2(a,b) we show the temperature dependence of the resistivity at different mag-
netic fields and the field dependence of the magnetization at different temperatures . We can
extract the temperature dependence of the upper critical field Hc2 from the resistive transi-
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FIG. 3. Lower and upper critical fields, Hc1 and Hc2, as a function of temperature. Blue and red
points are experimental data of Hc2 obtained from the superconducting transition in resistivity
and magnetization measurements shown in figure 2. Blue points correspond to the temperature
at which ρ is 50% of ρ0 and the error bars represent the temperature range from 10% to 90%ρ0
(at the highest temperatures the error is smaller than the point size). The continuous black line
is the fit to the WHH theory. Green points are Hc1 obtained from magnetization experimentes as
described in the text. Black dotted line is the fit to Hc1(T) = Hc1(0) [1 - (T/Tc)
2] with Hc1(0) =
0.017T.
tion and from the magnetization. We show the result in Figure 3 (blue and red open points).
Hc2 follows well the Werthammer-Helfand-Hohenberg (WHH) formula (black line)[27]. With
the zero temperature extrapolation Hc2(0) = 0.127 T we obtain ξ = 50 nm, using Hc2(0) =
φ0/2piµ0ξ
2 where φ0 = 2.07 × 10−15 Wb is the flux quantum. This value is quite large, as
compared with Fe based pnictide superconductors, which show coherence lengths that are
usually of a few nm. We can also extract the temperature dependence of Hc1 (green open
points in 3). To this end, we determine the field for entry of vortices H0 and calculate Hc1 tak-
ing into account the demagnetizing factor n a rectangular sample (Hc1 = H0/tanh
√
0.36d/a,
where d is the sample dimension along the field and a perpendicular to the field[28]) at each
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FIG. 4. Magnetoresistance defined as MR = (ρ(H)/ρ0 -1) × 100% in LaRu2P2 up to 22 T (black
points). Red line is the fit to two-band galvanomagnetic effect model (Eq.3) with α = 6.9±0.1
and µ = 0.0615±0.0006 m2V−1s−1. Blue and green lines are the fits to the same model but
including, respectively, the magnetic field effect on CDW or SDW (Eq.4) with α = 17.8±0.2, β =
0.39±0.01 and µ = 0.1±0.001 m2V−1s−1, and the contribution from open orbits (Eq.5) with α =
23.3±0.5, µ = 0.110±0.001 m2V−1s−1 and δ = (425±7)10−4. The inset shows MR below 10 T in
logarithmic scale. Red, blue and green lines are the fits shown in the main panel and purple line
is the proportional to Hn with n = 1.32.
temperature. We fit the temperature dependence to the usual phenomenological expression
Hc1(T) = Hc1(0)[1-(T/Tc)
2] (the black dotted line in 3) and obtain the zero temperature
extrapolation Hc1(0) = 0.017 T. We can then estimate the penetration depth using Hc1(0)
= (φ0/4piµ0λ
2)(lnκ+0.5) where κ = λ/ξ is the Ginzburg-Landau parameter. We find λ =
83.4 nm and κ = 1.5, showing that LaRu2P2 is a weakly type-II superconductor.
Figure 4 shows the magnetoresistance (MR = (ρ(B)/ρ0 - 1) × 100%) of LaRu2P2 at 1
K up to 22 T. At low fields, we observe the superconducting transition. We observe no
sign of saturation at high magnetic fields. The value of the magnetoresistance is very large,
of about 35% at 22 T. This is of the same order as the magnetoresistance found in for
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example the optimally doped BaFe2(As1−xPx)2 and La2−xSrxCuO4[1–3]. We do not observe
a magnetoresistance which is exactly linear, as in those cases. However, a weakly linear
behavior MR∝ Hn with n=1.32 (purple line in the inset) provides quite a good account of
the whole field dependence, except at low fields, as discussed below.
II. DISCUSSION
We start by highlighting the absence of electron-electron scattering in the resistivity at
zero magnetic field. The behavior at relatively high temperatures is close to linear, exactly as
observed in other Fe pnictides and cuprates close to a quantum critical point. However, there
is a clear saturation at low temperatures which follows very well expectations taking only
into account electron-phonon (high temperatures) and electron-defect (low temperatures)
scattering. There is also no sign for a T2 dependence, observed in Fermi liquid systems with
strong mass renormalization such as heavy fermions when these are far from a quantum
critical point[29]. Thus, transport experiments show that LaRu2P2 is a simple metal, in
agreement with the previously observed band-structure properties that can be explained
within nearly free electron calculations[7, 8, 13–15].
However, the magnetoresistance deviates from the usual saturating or H2 behavior found
in simple metals (Figure 4). To study this in more detail, let us first consider electrons on
the Fermi surface of LaRu2P2 in two separate groups, belonging to electron-like and hole-like
bands[30]. The MR can then be described using using the two-band galvanomagnetic effect
model[31]:
∆ρ
ρ0
=
σ1σ2(µ1 + µ2)
2H2
(σ1 + σ2)2 + (σ1µ2 − σ2µ1)2H2 , (2)
where σ is the conductivity, µ is the mobility and the subscripts 1 and 2 refer to the two types
of carriers. Considering that electrons and holes have similar scattering rate and effective
mass[13], the average mobility can be written as µ = eτe/m
∗
e ≈ eτh/m∗h, and therefore
σ2/σ1 ≈ n2/n1 = α, α being the ratio between the concentration for majority carriers n2
and the concentration for minority carriers n1. Then, Eq.2 can be simplified to
∆ρ
ρ0
=
4αµ2H2
(1 + α)2 + (1− α)2µ2H2 , (3)
Red line in figure 4 is the fit to the MR using Eq.3. We find that the fit does not reproduce
well the experimental data neither at low nor high fields (see inset of figure 4 in logarithmic
9
scale).
Next we consider the effect of electron-electron correlations. The above formula has been
modified by Balseiro and Falicov to account for the presence of a charge or spin density
wave[32]. These electronic orders can indeed considerably modify the magnetoresistance as
reported in some pnictides[4] and other CDW systems such as KMo6O17 and NbSe3[33, 34].
The Fermi surface is reconstructed into small pockets within a charge or spin ordered state.
Some of these small ungapped pockets might be destroyed under strong magnetic field due to
Landau quantization, resulting in a more effective nesting of the Fermi surface and a large
MR[32]. It is then assumed that the magnetic field imbalances the carrier concentration
n2/n1 to vary linearly with the magnetic field, i.e. n2/n1 = α+βH with α the ratio of carrier
concentrations at zero magnetic field and β a constant that quantifies the magnetic field
effect on the the ratio of carrier concentrations. Using this, Eq.3 is modified to
∆ρ
ρ0
=
4(α− βH)µ2H2
(1 + α− βH)2 + (1− α + βH)2µ2H2 , (4)
Blue line in figure 4 is the fit to the MR data using Eq.4. Even if there is no charge or spin
order in LaRu2P2, we have tried the best fit to our data, obtaining some improvement with
respect to Eq.3 but it is still not satisfactory, particularly at low magnetic fields.
Having eliminated electronic correlations and charge or spin density wave orders as the
origin for the large magnetoresistance, we should consider a further aspect of fermiology
in the electronic transport under magnetic fields. The Fermi surface of LaRu2P2 has an
important difference with respect to Fermi surfaces of Fe based systems. As shown in
Refs.[13, 14] by DFT calculations, angular resolved photoemission and quantum oscillations,
there is a highly intricate and large Fermi surface that touches the Brillouin zone border at
many points. It is located around the corners of the Brillouin zone, but has branches that
touch each other close to the in-plane surfaces of the Brillouin zone. It has a strongly 3D
shape and the orbital character stems from Ru-4d and La electrons. Such a Fermi surface
has open orbits, which are known to strongly increase the high field magnetoresistance[35–
37]. Taking open orbits into account, we can modify Eq.3 by including a field independent
small contribution from the open orbits δσ to the total conductivity σ and write[22]:
∆ρ
ρ0
=
(1 + α)2[(1− δ)(1 + η2) + δ(1 + η2)2 − 1]− (1− α)2η2
(1 + α)2[δ(1 + η2) + 1] + (1− α)2η2 , (5)
with η = µ H. Note that Eq.5 with δ = 0 simplifies to Eq.3. Green line in figure 4 is the
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fit to the MR using Eq.5. We find a perfect agreement with the data. From the fit to Eq.5,
we obtain α = 23.3±0.5, µ = 0.110±0.001 m2V−1s−1 and δ = (425±7)10−4. In LaRu2P2,
Hall effect measurements have shown that the carrier density is electron-type and with an
estimated value of n = 3×1022 cm−3, which is an order of magnitude larger than in electron
doped pnictide superconductors[7]. Our fitting is consistent with this result and shows that
electron carrier concentration ne is 23.3 times larger than the hole carrier concentration nh.
The scattering time for electron-defect scattering τ = 6.2×10−13 s can be obtained from
the mobility using m∗ ≈ me[13, 14]. This value is of the same order, as the result from the
Drude model, suggesting that the scattering processes are nor fundamentally modified by
the magnetic field. Instead, the finite value of δ shows an important contribution to the MR
from open orbits.
It is interesting to discuss the size of the magnetoresistance in terms of scattering rates.
Within a simple Drude picture, we can reasonably define a scattering rate ~/τ . The resis-
tivity is proportional to ~/τ , which can be estimated through the proportionality constant
of a linear temperature and field increase. Namely, dρ(T )
dT
1
kB
∝ ~/τth and dρ(B)dB 1µB ∝ ~/τfield
with kB is the Boltzmann constant and µB the Bohr magneton. It turns out that both
quantities in LaRu2P2 provide similar values (
dρ(T )
dT
≈ 10µΩcm
meV
and dρ(B)
dB
≈ 2µΩcm
meV
). This
suggests indeed that the scattering rate is high and the quasiparticle lifetime is short at
high temperatures and under high magnetic fields. The situation is opposite to Refs [1–
3, 38]. There, the magnetic field and temperature ratios are similar at temperatures where
the quasiparticle lifetime and the mean free path are large. In LaRu2P2, these ratios equal-
ize when the mean free paths are very short, because of strong Umklapp scattering with
phonons at high temperatures and because of strong scattering due to the peculiar orbital
structure at high magnetic field. Umklapp scattering is proportional to the phonon occupa-
tion, which increases linearly with temperature, and the combination of conduction paths
due to intricate orbits is equivalent to introduce an effective scattering rate that increases
nearly linearly with the magnetic field. While the coincidence between dρ(B)
dB
and dρ(T )
dT
has
deep implications in the Fe based pnictides and in the cuprates and can be associated to field
and temperature interwoven behaviors due to electronic correlations, spin density waves or
dynamic critical fluctuations in proximity to a quantum critical point[1–3, 38], in LaRu2P2
the coincidence seems incidental. The similarity between both numbers in LaRu2P2 (
dρ(T )
dT
and dρ(B)
dB
) just suggests that the electronic mean free path is very short at high magnetic
11
fields and at high temperatures, and is probably approaching interatomic distances.
III. CONCLUSIONS
In conclusion, we have grown single crystals of the iron-less pnictide superconductor
LaRu2P2 and characterized its transport and magnetic properties. The temperature depen-
dence of the resistivity is dominated by electron-phonon scattering with no significant contri-
bution from electron-electron interactions. We have measured a positive non-saturating MR
up to 22 T with a close to linear dependence with the magnetic field. The differences in the
Fermi surface of LaRu2P2 , which is much more intricate and has a three-dimensional sheet
with open orbits, leads to the observed large magnetoresistance. Deviations with respect to
the H2 behavior and the order of magnitude of the MR is comparable in LaRu2P2 than in Fe
based superconductors. Our results suggest that its origin is not due to increased scattering
due to electronic correlations, neither in form of charge or spin orders nor in electron-electron
scattering, but is instead the consequence of an intricate Fermi surface topology.
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